RNA of a common strain of tobacco mosaic virus was sequentially reconstituted first with protein of the same strain and then with protein of a tomato strain. The reconstituted particles were treated with specific antibodies against the two strain particles and were examined electron microscopically to locate the regions of rods encapsidated with the respective proteins. The results demonstrated that reconstitution starts at an internal region of the RNA about 830 nucleotides from an end that recent studies indicate to be the 3' terminus. Evidence was obtained to show that reconstitution proceeds toward the 5' terminus of the RNA until it is fully encapsidated. Encapsidation of the 3' distal portion of the RNA apparently occurs later and in a direction opposite to that of the encapsidation of the 5' distal portion. The process of tobacco mosaic virus (TMV) reconstitution from its RNA and protein has been extensively-studied since it was first demonstrated by Fraenkel-Conrat and Williams (1). The initial step of this process involves interaction of a particular region of the viral RNA with disk aggregates of coat protein subunits (2-4). Several laboratories proposed independently that the interaction takes place at or near the 5' terminus of RNA, being followed by unidirectional elongation of viral rods (2, 5, 6) . As a presumed intermediate product, short helical rods with a tail of free RNA were found by electron microscopy (2, 5, 7, 8) .
The process of tobacco mosaic virus (TMV) reconstitution from its RNA and protein has been extensively-studied since it was first demonstrated by Fraenkel-Conrat and Williams (1) . The initial step of this process involves interaction of a particular region of the viral RNA with disk aggregates of coat protein subunits (2) (3) (4) . Several laboratories proposed independently that the interaction takes place at or near the 5' terminus of RNA, being followed by unidirectional elongation of viral rods (2, 5, 6) . As a presumed intermediate product, short helical rods with a tail of free RNA were found by electron microscopy (2, 5, 7, 8) .
In view of the recent finding (9, 10) that the 5' terminus of TMV RNA is blocked by the sequence m7G5'ppp5'G, the hypothesis of polar reconstitution from the 5' terminus of RNA clearly needs reexamination. Because the distal m7G has free 2' and 3' hydroxy groups, both ends of TMV RNA are available for periodate oxidation. Consequently, our previous observation that no periodate-sensitive end group is encapsidated early during reconstitution (5) now suggests that neither end of the viral RNA is involved in the initiation of reconstitution. In fact, we showed that reconstitution occurs in the absence of the 5'-terminal blocking structure (11) , and more recent studies with TMV RNA labeled at both ends indicated that the initiation site of reconstitution is located internally within the 3' half (12) .
In this paper we present direct evidence to show that reconstitution of TMV rods starts at an internal region on the viral RNA and proceeds bidirectionally. The evidence was provided by initiating the reconstitution of RNA of a common strain with homologous protein and subsequently completing the elongation with protein of a tomato strain, which is serologically distinguishable from the common strain. Virus rods thus reconstituted sequentially with two types of protein were examined by a technique that may be called "electron microscopic serology"; after the rods were treated with antibodies specific to each strain, binding of antibody molecules on the rods was located by electron microscopy. The technique has been successfully used to study the reconstitution of bacterial flagella (13) and to demonstrate the mixed presence of two types of protein in TMV rods produced in tobacco leaf protoplasts doubly infected by TMV strains (14, 15) .
MATERIALS AND METHODS
Preparation of Virus, Viral RNA, and Viral Protein. Two strains of TMV were used in this work: strain OM, a common strain that has been used throughout our previous reconstitution studies; and strain T, an isolate from a diseased tomato with the biological properties and amino acid composition of a tomato strain (unpublished data). Both strains were propagated in inoculated leaves of Nicotiana tabacum L. cv. Xanthi. Leaves harvested 7-10 days after inoculation were homogenized with 0.1 M phosphate buffer (pH 7.0) containing 0.1% (vol/vol) thioglycolic acid. Virus was precipitated from the homogenate by adding polyethylene glycol 6000 to 3.17% (wt/vol) and NaCl to 0.64% (wt/vol) and then was purified by two cycles of differential centrifugation. RNA was isolated from the purified virus by phenol/bentonite extraction (16); coat protein was isolated by the acetic acid method (17) . Precaution Preparation of Strain-Specific Antibodies. Antisera to OM-strain and T-strain particles were obtained from rabbits, and immunoglobulin fractions were isolated essentially according to the method previously described (18) . Because the two strains are closely related, the antiserum to OM-strain reacted also with T-strain antigen and vice versa. The immunoglobulin fractions were therefore extensively cross-absorbed to obtain strain-specific antibodies.
The immunoglobulin fraction prepared against OM-strain had a titer of 1:2048 to OM-strain and 1:1024 to T-strain, as determined by precipitin ring test. To prepare OM-strainspecific antibody, 14.4 mg of purified T-strain particles dissolved in 0.2 ml of water was added to 6 ml of immunoglobulin dissolved in 0.01 M phosphate buffer (pH 7.0) containing 0.85% (wt/vol) NaCl. After the mixture was incubated for 10 min at 370 and for 30 min at 00, the precipitate formed was removed by centrifugation for 5 min at 10,000 X g. This absorption scheme was repeated four times. For further elimination of the fraction reacting with T-strain antigen, absorption was repeated four additional times, this time incubation being overnight at 4°and centrifugation for 60 min at 105,000 X g to remove excess free T-strain particles. After absorption, the immunoglobulin solution was treated by the "sucrose trap method" (19) to remove traces of remaining T-strain particles, followed by dialysis for 2 days at 40 against the phosphate-buffered saline. The final preparation no longer showed reaction with T-strain antigen but still retained a titer of 1:128 to OM-strain antigen.
The immunoglobulin fraction prepared against T-strain particles had a titer of 1:2048 to T-strain antigen and 1:256 to OM-strain antigen. After repeated absorption with OM-strain protein as described above, the final preparation no longer reacted with OM-strain antigen but still had a titer of 1:256 to T-strain antigen.
Electron Microscopic Serology. Virus rods obtained by reconstituting OM-strain RNA sequentially with OM-strain and T-strain protein were diluted with 0.01% (wt/vol) of bovine serum albumin to a concentration of 10 ,xg/ml, and minute drops of the virus solution were placed on carbon-coated electron microscope grids to make as thin a film of liquid as possible. The grids were immediately transferred into a desiccator and kept under vacuum for 2-4 days. When the specimens were completely dry, they were treated with strain-specific antibodies by covering the specimens with a drop of antibody solution and incubating them for 3 min at 37°. The specimens were then washed four times with a drop of water, negatively stained with 2% (wt/vol) phosphotungstic acid, and examined in a Hitachi HU 11 electron microscope.
RESULTS
Electron microscopic serology of authentic TMV When purified particles of OM-strain and T-strain were treated with homologous strain-specific antibodies and examined electron microscopically, reaction of antibody with virus was evident even at low magnifications, because all the virus rods were uniformly surrounded by dark "halos" of phosphotungstic acid in which bound antibody molecules were embedded. Higher magnifications resolved individual antibody molecules that were vertically bound to virus rods over their entire length, thus giving the appearance of a two-sided comb. In contrast, no virus rod showed reaction with antibody when the same virus preparations were treated with heterologous strain-specific antibodies. When a 1:1 mixture of OM-strain and T-strain particles was treated with either strain-specific antibody, 50% of the virus rods showed binding and the remainder were free of antibody molecules (Fig. 1) . The strain-specificity of the antibodies was thus found to be satisfactory at the level of electron microscopic serology. Demonstration of internal initiation region for reconstitution In the first series of sequential reconstitution experiments, OM-strain RNA was partially reconstituted with OM-strain protein in an RNA:protein ratio of 1:3, and the virus rods were subsequently elongated in the presence of T-strain protein.
Under these conditions, 4-8% of the input RNA was recovered as particles sedimenting with the same rate as authentic TMV in a sucrose gradient. The yield of apparently fully reconstituted particles was thus considerably lower than the 40-60% recovery of input RNA usually obtained when OM-strain RNA is fully reconstituted with OM-strain protein. This lower yield is presumably due to lower efficiency of reconstitution with T-strain protein. This is also observed in homologous reconstitution with T-strain protein.
When these sequentially reconstituted particles were treated with OM-strain-specific antibody and examined electron microscopically, the antibody molecules were bound exclusively to an internal region of the virus rods near one end ( Fig. 2A) . On the other hand, treatment of the same particles with Tstrain-specific antibody resulted in the binding of antibody molecules over the entire length of rods except for an internal region near one end (Fig. 2B) . Thus, the sequentially reconstituted rods consisted of an internal region encapsidated with OM-strain protein and short and long distal regions encapsidated with T-strain protein. Because reconstitution was started with OM-strain protein, the region of initiation must have been within the OM region internally located near one end of the rod. Together with other lines of evidence for the initiation of reconstitution within the 3' half of TMV RNA (12, 20) , the results obtained by sequential reconstitution now conclusively show that reconstitution starts at an internal region of TMV RNA near its 3' terminus. The 3' end of the rod should thus be assigned to the short "T" region and the 5' end, to the long "T" region.
It appeared that there was little variation among rods with respect to the length of the 3' "T" region, whereas other regions varied in length. Rods with the length of 300 + 9 nm were therefore selected on electron micrographs, and measurements were made of the three regions. The mean (+SD) length of the 3'"T" regions of rods binding OM-strain-specific antibody was 33.0 + 6.4 nm, indicating that the region is in fact relatively constant in length (see also binding T-strain-specific antibody, but the mean length was 44.9 ± 4.7 nm in this case. The discrepancy is probably accounted for by an artifact of measurement; the length of the "T" regions measured with rods binding OM-strain-specific antibody is likely to be an underestimate because antibody molecules bound near the adjacent "OM" region stick out partly into the "T" region. Conversely, the length of the same regions measured with rods binding T-strain-specific antibody is likely to be an overestimate. The actual length of the 3' "T" region should therefore be intermediate between 33 .0 and 44.9 nm, probably about 39 nm.
Measurements also showed that the "OM" region, and consequently the 5' "T" region, is variable in length. The mean length of the "OM" region was 36.7 ± 20.5 nm measured with rods binding T-strain-specific antibody. As is indicated by the relatively constant length of the 3' "T" region, the length variation of the "OM" region was toward the 5' end of the rods. This would indicate that early elongation proceeds mainly in the direction 3' -5' and that the length of the 3' "T" region, 39 nm, represents the distance of the initiation region from the 3' end of the rods.
An attempt was made to define the site of the initiation region by starting sequential reconstitution with a minimal amount of OM-strain protein (RNA:protein ratio, 1:0.5) followed by elongation with T-strain protein. These conditions resulted, however, in a marked decrease of the yield of fully reconstituted rods, which still varied considerably in the length of the "OM" region. It was nevertheless noticed that no virus rods had "OM" regions shorter than 15 nm. Direction of reconstitution To study the direction of reconstitution, a series of sequential reconstitution experiments was performed in which increasing amounts of OM-strain protein were used to start reconstitution (RNA:protein ratios, 1:0.5, 1:5, 1:10, and 1:15). As expected, the larger the amount of OM-strain protein used, the longer was the "OM" region of the particles obtained (Fig. 3) . The particles obtained in these experiments were treated with OM-strainspecific antibody, and those of length 300 + 9 nm were selected on electron micrographs, as shown in Fig. 4 . The length of the 3' as well as the 5' "T" regions of these rods was measured and was plotted as a function of the length of the "OM" region (Fig.  5) .
The internal initiation of reconstitution demonstrated in the foregoing section is clearly seen also in Figs. 4 and 5. The results show in addition that the length of the 3' "T" region remains nearly unchanged while the "OM" region grows toward and finally reaches the 5' end. Only in those rods whose 5' end was already fully encapsidated with OM-strain protein did extension of the "OM" region toward the 3' end occur with concomitant decrease in the length of the 3' "T" region. These findings clearly indicate that initiation of reconstitution is followed by encapsidation of the 5' distal portion of TMV RNA in the direction 3' -5', with little encapsidation of the 3' distal portion, if any. Once the 5' terminus of RNA is encapsidated, reconstitution of the 3' distal portion occurs in the direction opposite to that of reconstitution of the 5' distal portion. It should be added that examination of large numbers of sequentially reconstituted particles revealed no virus rods encapsidated with OM-strain protein at both ends and T-strain protein in between. This excludes the possibility that reconstitution of the 3' distal portion of the RNA starts from the 3' terminus. Fig. 5 also shows that the straight line for the 3' "T" region intersects the ordinate at 32 nm, indicating the longest possible 3' "T" region, or the distance of the initiation region from the 3' end of the rod. As discussed above, this value should be an underestimate because it is based on measurement of the 3'"T" region in the rods binding OM-strain-specific antibody. DISCUSSION Sequential reconstitution of TMV RNA with proteins of two serologically distinguishable strains yielded straightforward Biochemistry: Otsuki-et Fig. 4 , and the straight lines were fitted to the points by the method of least squares.
nucleotides on RNA, the length corresponding to three to four double disks. It might be possible that the estimated length represents the size of stable initiation complexes required for successful reconstitution. These results largely agree with those of Zimmern who recently isolated the "nucleation region for assembly" (21, 22) . A location between 900 and 1300 nucleotides from the 3' terminus of viral RNA was assigned for this region from analysis of the primary structure of the 3' distal portion of TMV RNA (20) . He also observed that the nucleation region of 260-300 nucleotides was greatly preferred irrespective of the ratio of protein to RNA at low input ratio (23) .
The demonstration of an internal initiation of reconstitution raises the question of whether reconstitution proceeds in the same direction on both sides of the initiation region. The present work revealed that reconstitution of TMV proceeds in opposite directions. Rod elongation occurs first toward the 5' end, while the 3' distal portion of the viral RNA remains scarcely encapsidated. In the later phase of reconstitution, when the 5' terminus is fully encapsidated, the rod elongates toward the 3' end to complete the reconstitution. The elongation toward the 3' end thus differs clearly from that toward the other end in either timing or rate, or in both. Intriguing questions arising from the bidirectional model of reconstitution are how helical rods grow in opposite directions and how the growth in two directions is regulated.
After this manuscript was completed, a paper appeared (24) on the structure of incompletely reconstituted TMV particles as revealed by electron microscopy. Two visible tails of unencapsidated RNA were observed to protrude from one end of the particle. This suggests that the initiation of assembly is from
